The threat of exposure to ionizing radiation from a nuclear reactor accident or deliberate terrorist actions is a significant public health concern. The lung is particularly susceptible to radiation-induced injury from external sources or inhalation of radioactive particles from radioactive fallout. Radiationinduced lung disease can manifest with an acute radiation pneumonitis and/or delayed effects leading to pulmonary fibrosis. As prior warning of radiation exposure is unlikely, medical countermeasures (MCMs) to mitigate radiationinduced lung disease that can be given in mass-casualty situations many hours or days postirradiation are needed to prevent both early and late lung damage. In this study, KL 4 surfactant (lucinactant) was evaluated as a radiation mitigator in a well-characterized mouse model of targeted thoracic radiation exposure, for its effect on both early (several weeks) and late (18 weeks) lung damage. Here, 120 mg/kg total phospholipid of KL 4 surfactant was administered twice daily intranasally, (enabling intrapulmonary inhalation of drug) to C57BL/6 mice 24 h after a single 13.5 Gy dose of thoracic irradiation (LD 50 dose). Both early and chronic phase (2 and 4 weeks and 18 weeks postirradiation, respectively) assessments were performed. Mice were evaluated for evidence of reduced arterial blood oxygenation and early and chronic lung and systemic inflammation, lung fibrosis and oxidative stress. Analysis was done by performing lung function/ respiration dynamics and measuring cellular protein content of bronchoalveolar lavage fluid (BALF), and levels of cytokines, 8-iso-prostaglandin F2a, hydroxyproline in lung and plasma, along with evaluating lung histology. The results of this study showed that intranasal delivery of KL 4 surfactant was able to preserve lung function as evidenced by adequate arterial oxygen saturation and reduced lung inflammation and oxidative stress; total white count and absolute neutrophil count was decreased in BALF, as were plasma pro-inflammatory cytokine levels and biomarker of oxidative stress. KL 4 surfactant is a promising MCM for mitigation of lung tissue damage after targeted, thoracic irradiation and has the potential to be developed as a broadspectrum, multi-use MCM against chemical, biological, radiological or nuclear threat agents with potential to cause lung injury. Ó 2017 by Radiation Research Society
INTRODUCTION
Exposure to ionizing radiation from an unpredictable nuclear reactor accident, a nuclear attack or deliberate terrorist actions, including the detonation of a radiological dispersal device (RDD), represents a significant public health concern. Radiological and nuclear threats are complex, since the radiation source, duration and extent of exposure all contribute to the nature and effect of radiation. Unprotected individuals in close proximity to the event, as well as inadequately protected early-response rescue workers will likely be affected by radiation exposure (1) (2) (3) .
The lung is particularly susceptible to injury from exposure to external radiation sources, as well as from inhaled radioactive particles from nuclear radioactive fallout. As described by many investigators, radiationinduced lung disease refers to a continuing process triggered by exposure to radiation, radiation pneumonitis, an early inflammatory response that involves alveolar cell destruction and inflammatory cell influx in the interstitial and alveolar space, which may be followed by an intermediate exudative phase and a late phase whereby radiation-induced fibrosis develops. Radiation-induced fibrosis is an irreversible process characterized by fibroblast proliferation, collagen accumulation and destruction of normal lung architecture (4) .
Currently, treatment of radiation-induced lung disease remains primarily supportive and usually includes administration of oxygen, positive airway pressure, mechanical ventilation, bronchodilators and steroids, which, in addition, may lead to a rebound effect once treatment has stopped.
There is an urgent and unmet need to develop medical countermeasures (MCMs) to prevent radiation-induced lung disease. An ideal MCM can be efficiently administered in a mass casualty situation within hours, if not days after exposure, since radiation accidents or attacks are likely to occur without warning. There is also a need for the development of MCMs that can be administered once early signs or symptoms of early/chronic injury begin to manifest to prevent progressive lung destruction/late fibrosis.
The primary role of naturally occurring pulmonary surfactant is to facilitate alveolar expansion, thus permitting normal gas exchange. Surfactants also regulate lung immune response and clearance of foreign particles, debris and inflammatory material (5) . Decreased production of endogenous surfactant by alveolar type II cells and increased degradation of surfactant both occur in acute lung injury (ALI), leading to surfactant insufficiency, alveolar collapse and poor health outcomes (6) . In radiation-induced lung disease, the role of endogenous pulmonary surfactant has not been fully elucidated. Significant fluctuations in natural pulmonary surfactant have been described, including reports of early surfactant insufficiency, or transient early rises that have been attributed to a pseudo-physiological response of alveolar type II pneumocytes, which are particularly sensitive to ionizing radiation injury (7) (8) (9) (10) (11) (12) (13) . Alternately, radiationinduced membrane lipid peroxidation and membrane permeabilization may lead to the leakage of surfactant from lamellar bodies within these cells. There is also limited data on the functionality and composition of endogenous surfactant after irradiation. Most importantly, exogenous surfactant therapies have not been evaluated to treat radiation-induced lung disease, either alone or in combination with other mitigating agents. KL 4 surfactant (lucinactant), a peptide containing synthetic surfactant used as an endogenous surfactant replacement therapy (14, 15) , can function locally in an inflammatory milieu in the lung and can also modulate the immune response, including limiting cytokine activation (16-21), as we have previously shown in other reported models of acute lung injury (22, 23) . Since KL 4 surfactant can function in an inflammatory milieu, and reduces cytokine activation and neutrophil influx into the lungs, it is a potentially promising therapeutic approach for mitigating radiation-induced lung disease. Therefore, we have been exploring these mechanisms of action associated with KL 4 surfactant as they relate to mitigation of radiation-induced lung damage. In our current study, we evaluated the effectiveness of KL 4 surfactant as a novel approach to mitigate both early radiation-induced pneumonitis and the delayed manifestations of lung injury (lung fibrosis) using the well-characterized C57BL/6 thoracic-irradiation mouse model (24) (25) (26) (27) . Our underlying premise is that KL 4 surfactant, via its immune-modulatory properties (20, 21, 28) , should prevent activation of, and/or downregulate the cascade of multiple inflammatory mediators that have been implicated in pathophysiology of radiation-induced lung injury.
METHODS

Animal Protocol
For these studies, female C57BL/6 mice were used (n ¼ 15-30 mice per group depending on assessments to be done at specific time points). This mouse strain is well characterized in the field of pulmonary radioprotection (29) (30) (31) . Female mice were selected for this initial study to determine drug dosing, administration method and treatment regimen, because they are more susceptible to radiationinduced lung disease (32) . Subsequent studies will extend to evaluation of male mice as well.
Mice were obtained from Charles River (Wilmington, MA) and exposed to 13.5 Gy thoracic irradiation at 6-8 weeks of age, an acceptable age for such studies (33) under animal protocols approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Pennsylvania. Animals were housed in conventional cages under standardized conditions with controlled temperature and humidity and a 12:12 h light-dark schedule. Animals had access to water and standard mouse chow ad libitum. Mice were randomized following a routine strategy as previously described by Suresh (34) . We eliminated confounding covariates such as animal age and weight. In the current study of 450 mice, we ensured that mice at study start were within 1 g weight difference and only 1-2 weeks age difference. Assignment of mice into cohorts was then less complicated and followed a simple randomization method.
Intranasal Delivery of KL 4 Surfactant
KL 4 surfactant (Windtree Therapeutics Inc., Warrington, PA) as a liquid instillate at a concentration of 30 mg total phospholipid (TPL) per ml, or normal saline as vehicle control was delivered via intranasal administration [mice are obligate nasal breathers and effectiveness of delivery method has been previously established (35) ] twice daily beginning 24 h postirradiation and lasting for 2 weeks (Fig. 1) . Methods for intranasal instillation have been previously described elsewhere (35) . Briefly, mice were placed in an induction chamber and lightly anesthetized with isoflurane. Once anesthetized, mice were removed from the induction chamber and placed in a supine position and 100 ll of instillate (total dose) delivered drop-wise to the nares using a pipette. Approximate 120 mg/kg TPL of KL 4 surfactant was delivered per dose, a dose that has been shown to be effective in the ALI and respiratory distress syndrome models in restoring lung function and modulating an immune response (19, 21, 22) . After treatment, mice were allowed to recover in a warm environment under observation prior to being returned to their home cage.
Irradiation Procedure
Animals were irradiated on the Small Animal Radiation Research Platform (SARRP), (Xstrahl Ltd., Camberley, UK) using a custommade beam collimator, as previously described elsewhere (36) . Briefly, this system uses an X-ray tube (model no. NDI-225-22 kV; Varian Medical Systems Inc., Palo Alto, CA) mounted on a gantry that rotates between 0 and 120 degrees. The custom collimator creates a 12.5-cm circular field with well-defined borders and with animals arranged in a circular, ''head in'' arrangement using a single central shield that provides uniform, simultaneous exposure to the thoracic region of multiple mice. This setup consists of a single, anterior 225-kV, 15 mA X-ray beam with 0.15-mm copper filter at an SSD of 35 cm, which is designed to accurately reproduce the internal radiation dose distribution in mice that were used in previously reported studies (25, 26, 37) . The dosimetry and shielding of this system is routinely tested based on the description provided by Baumann et al. (38) .
Briefly, a 1-mm nylon fiducial bead was affixed to Gafchromice EBT dosimetry exposure film (International Specialty Products, Wayne, NJ) and CT scanned using the SARRP. The center of the nylon fiducial marker was chosen as the isocenter for a 5 3 5-mm square collimator that was used to deliver a 13.5 Gy dose of radiation to the film. The exposed area of film was evaluated to confirm that the center of the irradiated field corresponded to the marked isocenter. Radiation was delivered in a single dose via single anterior-posterior approach. A 13.5 Gy dose was delivered (roughly corresponding to LD 50/120 ) as described in our previously published work (25) (26) (27) . Nonirradiated animals (untreated, KL 4 surfactant-treated or vehicle-treated) were also included in the experiment to serve as appropriate controls for respective irradiated mouse cohorts.
All mouse cohorts were injected subcutaneously (s.c.) with 1 cc of saline daily for the first 2 weeks postirradiation. In addition, mice were treated topically with triple antibiotic ointment, containing 5,000 units of polymyxin B sulfate, 400 units of bacitracin zinc and 3.5 mg of neomycin sulfate and 1% silver sulfadiazine cream to treat radiation dermatitis in accordance with veterinarian recommendations.
Evaluation of Cardiopulmonary Function Parameters
Prior to sacrifice at 2, 4 or 18 weeks postirradiation, pulse oximetry was performed, as previously described elsewhere (39) on conscious mice (n ¼ approximately 5-10 mice per group) using a MouseOX noninvasive vital signs monitor (STARRt Life Sciences Corp., Oakmont, PA). A mouse collar sensor was used to obtain measurements for arterial oxygen saturation (SpO 2 ), pulse distension, respiratory rate and heart rate, as previously described (36) . To minimize stress and maintain body temperature, mice were placed on a heating pad. Continuous readings over 3 min were taken from each mouse. Data are reported as mean 6 standard error of mean (SEM) after removing occasional readings that reported error codes.
Bronchoalveolar Lavage Fluid Analysis
Mice were euthanized using ketamine (100 mg/ml) and xylazine (20 mg/ml) at 3 and 18 weeks (Figs. 3 and 4, respectively) after thoracic irradiation. Bronchoalveolar lavage (BAL) was then performed as previously described elsewhere (25) (26) (27) . Briefly, bronchoalveolar lavage fluid (BALF) was obtained using a 20g angiocatheter (BD Pharmingene, San Diego, CA), with the intratracheal instillation of 1 ml phosphate-buffered saline (PBS) containing an anti-protease cocktail (Sigma-Aldricht LLC, St. Louis, MO) and 5 mM EDTA given in sequential 0.5 ml increments (25, 26, 40) . An aliquot was immediately separated to measure total leukocyte cell counts (cells/ml BALF) using a Coulter Cell and Particle Counter (Beckman Coultert Inc., Miami, FL). The remaining lavage fluid was centrifuged at 1,200 rpm for 10 min and the cell-free supernatant was frozen at -808C for cytokine determination and evaluation of oxidative stress. The pelleted total leukocytes were then spun on a Shandon Cytospin-3 cell preparation system (Thermo Electron/Thermo Fisher Scientifice Inc., Waltham, MA) at 1,500 rpm for 10 min and stained with a standard Diff-Quickt (Hemacolort) protocol from EM Diagnostic Systems, Inc. (Gibbstown, NJ) as described previously (41) . The concentration of BALF neutrophils, macrophages, eosinophils and lymphocytes was also determined. Analysis was performed in a blinded fashion.
Analysis of 8-Iso-Prostaglandin F2a Levels in Bronchoalveolar Fluid
Levels of 8-iso-prostaglandin F2a (8-IsoP), metabolites of tissue phospholipid oxidation and a biomarker of oxidative stress and antioxidant deficiency in BALF and mouse plasma were determined using an 8-IsoP enzyme-linked immunosorbent assay (ELISA) kit (Cayman Chemical, Ann Arbor, MI) according to the manufacturer's protocol. The levels of 8-IsoP were determined in BALF and plasma at 18 weeks after thoracic irradiation. BALF and plasma samples were run undiluted and the data are reported as the concentration (pg/ml) of 8-iso-prostaglandin F2a in the BALF and plasma.
Multiplexed Cytokine Analysis of Bronchoalveolar Fluid
Bronchoalveolar lavage fluid (BALF) cytokine concentrations were determined, as previously described (24), using the Mouse Cytokine 20-Plex Panel (Invitrogene, Carlsbad, CA), according to the manufacturer's protocol. This multiplex panel permits simultaneous quantification of multiple cytokines in solution by capturing them onto antibody-coated spectrally distinct fluorescent microspheres and measuring fluorescence intensity using the BioPlex 200 (Bio-Radt Laboratories Inc., Hercules, CA) system. The assay was performed according to the manufacturer's protocol. All samples were run in duplicate. The detection limit of this kit is in pg/ml for all the included cytokines.
FIG. 1.
Experimental plan. KL 4 surfactant (total phospholipid of 120 mg/kg) was administered intranasally to C57BL/6 mice (n ¼ approximately 15-30 per group depending on assessments to be done at specific time points) 24 h after a single 13.5 Gy dose of thoracic irradiation. Mice were evaluated for evidence of reduced blood oxygenation and lung inflammation at 2 and 4 weeks postirradiation and for lung fibrosis, chronic pneumonitis, oxidative stress and local and system inflammation at 18 weeks postirradiation.
Tissue Harvesting and Histopathological Evaluation of Lung
Radiation experiments were terminated at 18 weeks postirradiation, corresponding to a time point when radiation-induced pulmonary fibrosis is readily detectable in our model using both biochemical assays and histopathological evaluation. For histological studies, the lungs prior to removal from the animal were instilled with 0.75 ml of buffered formalin through a 20g angiocatheter placed in the trachea, immersed in buffered formalin overnight and processed for conventional paraffin histology. Sections were stained with hematoxylin and eosin (H&E) and examined by light microscopy. Paraffin-embedded lungs were sectioned and processed for routine immunohistochemistry as described earlier (27) .
Evaluation of radiation pneumonitis/lung injury. Radiation pneumonitis and lung injury score was prepared from evaluation of H&E-stained murine lung sections, and was based on five histological findings: 1. neutrophils in the alveolar space; 2. neutrophils in the interstitial space; 3. hyaline membranes; 4. proteinaceous debris filling the alveolar space; and 5. alveolar septal thickening, graded using a three-tiered schema (grade 0, 1, 2) described by Matute-Bello et al. (42) . Instead of normalizing scores to the number of fields evaluated, scores were normalized to the percentage of lung area involved by the injury.
Evaluation of pulmonary fibrosis. Pulmonary fibrosis evaluation was done by scoring Masson's trichrome-stained lung sections. Briefly, a lung pathologist blinded to treatment groups evaluated lung sections using a scale of 0-4, with 4 signifying maximal fibrosis. A score of 0 ¼ normal lung; 1 ¼ fibrosis involving less than 5% of the lung (predominantly the subpleural areas); scores of 2, 3 or 4 ¼ fibrosis involving 5-20%, 21-50% or .50%, respectively, of lung (involving subpleural and peribroncheal areas).
Collagen content of murine lung tissue was evaluated quantitatively by determining the hydroxyproline content using acid hydrolysis according to Woessner et al. (43) . Data are expressed as micrograms of hydroxyproline/whole lung. Measurements at 4 weeks postirradiation [n ¼ 5 for control, n ¼ 10 for vehicle, n ¼ 10 for KL 4 , n ¼ 10 for irradiated (13.5 Gy), n ¼ 10 for vehicle þ irradiation, n ¼ 9 for KL 4 þ irradiation]. Statistically significant differences in the data are represented graphically (*P , 0.05 as dashed horizontal lines and **P , 0.01 as solid horizontal lines).
Statistical Analyses
Results are presented as mean 6 SEM of two independent experiments, both in text and in graphs. Statistical differences among groups were determined using one-way analysis of variance (ANOVA) with GraphPad Prism version 6.00 for Windows (GraphPad Software Inc., La Jolla, CA). Any statistically significant differences in the data are represented graphically (*P , 0.05 as dashed horizontal lines and **P , 0.01 as solid horizontal lines). Any data points falling below the lower limit of detection for that particular detection method were set, for convenience, to 0, and specific data groupings having one or more readings less than the lower limit of detection are indicated by the hat symbol ''^'' shown in the figures.
RESULTS
The potential benefits of the KL 4 surfactant for preservation of pulmonary function after irradiation were assessed both at an early phase (2 and 4 weeks) and a later phase (18 weeks) after a single 13.5 Gy dose of targeted thoracic irradiation (Fig. 1) . KL 4 treatment was compared with both irradiated vehicle (phosphate-buffered saline) and irradiated untreated controls. Pulse oximetry data were collected at 2 weeks postirradiation (immediately after discontinuing twice-daily KL 4 treatment) and at 4 weeks postirradiation to assess the influence on mitigating early pneumonitis, as well as prior to sacrifice at 18 weeks postirradiation to assess preservation of lung function and mitigation of late radiation fibrosis (Fig. 1) . Samples for all other evaluations were collected after sacrifice at the times indicated. Upper reference range is shown for WBCS, but all PMN data are under this limit (see Fig. 3 legend) . Statistically significant differences in the data are represented graphically (*P , 0.05 as dashed horizontal lines and **P , 0.01 as solid horizontal lines). Data points falling below the lower limit of detection are indicated by the hat symbol ''^''.
RADIATION MITIGATING PROPERTIES OF KL 4 SURFACTANT IN LUNG
KL 4 Surfactant Improves Arterial Oxygen Saturation
Preservation of pulmonary function in vivo can be assessed from relevant metrics, including arterial oxygen saturation (SpO 2 ), pulse distension, respiratory rate and heart rate, all of which can be gathered with a pulse oximetry system. One of the most direct metrics for therapeutic benefit in preservation of pulmonary function is the level of arterial oxygen saturation during the early postirradiation phase. Not surprisingly, irradiation without any treatment reduces arterial oxygen saturation by an absolute 3% at two weeks postirradiation [from 96.8 6 0.5% for nonirradiated untreated control mice to 93.8 6 0.9 for irradiated untreated control mice, P ¼ 0.05 ( Fig. 2A) 4 -treated irradiated mice), suggesting a mitigation (sparing) of early lung injury. At 4 weeks postirradiation (Fig. 2B) , a more clinically significant desaturation was observed in untreated and vehicle-treated irradiated animals (96.2 6 0.3 vs. 91.1 6 0.6, P , 0.001 for untreated controls; 97.5 6 0.5 vs. 90.9 6 0.6, P , 0.001 for vehicle), whereas KL 4 -treated mice showed preservation in lung function (96.3 6 0.3 for KL 4 , nonirradiated vs. 97.0 6 0.4 for KL 4 , irradiated, P ¼ 0.17).
Over the long term, arterial oxygen saturation was also significantly preserved compared to irradiated untreated controls and vehicle-treated mice, indicating preservation of lung function and mitigation of late lung damage and impairment.
KL 4 Surfactant Reduces Radiation-Induced Lung Inflammation
Total leukocyte [white blood cell (WBC)] counts in BALF, collected immediately after sacrifice, are valuable indicators of the level of the localized lung inflammatory response to radiation damage. In acute radiation syndrome (ARS), it is not surprising to find elevated WBC and polymorphonuclear leukocyte (PMN) levels in the lungs of irradiated mice, as we observed (Fig. 3) . KL 4 -treated mice had statistically significantly lower levels of WBCs in the BALF (45 6 4 3 10 3 WBC; Fig. 3A ) than the untreated (64 6 3, P ¼ 0.018) and vehicle-treated (75 6 11, P ¼ 0.047) irradiated mice. PMN cell levels also trended lower (11.5 6 2.4 vs. 20.1 6 2.7 for irradiated KL 4 -treated vs. irradiated untreated control mice, respectively, P ¼ 0.064; Fig. 3B ).
BALF cell analyses were also performed at 18 weeks postirradiation (Fig. 4) . In all three paired comparisons, a statistically significant (P , 0.05) increase in WBC count (Fig. 4A) was observed for the irradiated cohorts compared to the nonirradiated cohorts. Although KL 4 -treated irradiated mice had the highest observed WBC counts (a trend vs. untreated control, P ¼ 0.08), KL 4 -treated mice had undetectable PMN counts (n ¼ 5; Fig. 4B ).
KL 4 Surfactant Protected against Radiation-Induced Late Lung Injury
At 18 weeks postirradiation, irradiated cohorts displayed an increased lung injury score determined according to the American Thoracic Society (ATS) scoring system for lung injury (Fig. 5A and B) and is comprised of findings related to the presence of neutrophils in the alveolar space (Fig.  6A) , neutrophils in the interstitial space (Fig. 6B) , hyaline membranes (Fig. 6C) , proteinaceous debris filling the airspaces (Fig. 6D ) and alveolar septal thickening (Fig.  6E) . Importantly, compared to irradiated untreated controland vehicle-treated mice, the lung injury score was lower among irradiated mice treated with KL 4 (3.14 6 0.92 and 2.86 6 0.72 compared to 1.88 6 0.54, respectively).
Late Fibrosis after a Single Dose of Thoracic Irradiation
Histopathology of the lung tissue (sacrifice at 18 weeks postirradiation) was performed to assess the degree of late lung injury and subsequent fibrosis induced by radiation, as well as effectiveness of KL 4 surfactant in mitigating such effects. The extent of fibrosis was based on assessment of the amount of stained lung tissue on visual inspection of trichrome staining (19) under microscopy ( Fig. 7A) , as well as a quantitative assessment (Fig. 7B) . In the irradiated cohort, fibrosis appears reduced by KL 4 surfactant vs. vehicle-treated mice (1.0 6 0.3, n ¼ 8 vs. 1.5 6 0.2), although statistical differences are not achieved (P ¼ 0.15), reflecting the wide range in lung fibrosis in the untreated control cohort. Surprisingly, in the vehicle-treated cohort, a reduction in levels of fibrosis over irradiated untreated control mice was also observed, and may reflect some benefit from improved mucus clearance and removal of inflammatory mediates from the lungs with administration of saline into the lungs (see Discussion).
Similar results can be seen from measurement of hydroxyproline levels (Fig. 7C) . In this case, very tight data ranges in all six of the groups leads to strong statistical significance (P , 0.02) for all meaningful pairwise comparisons (all 3 of the 0 Gy vs. 13.5 Gy pairings, as well as KL 4 and vehicle compared to untreated controls within the irradiated mice). While we note the potential benefits of the vehicle, the vehicle alone is not sufficient to deliver the significant therapeutic benefit of KL 4 for actual functional benefit (arterial oxygenation levels) or reducing inflammation (BALF cell count) as discussed above.
KL 4 Surfactant Mitigated Lung Oxidative Tissue Damage and Pro-inflammatory Cytokine Release Induced by a Single Dose of Thoracic Irradiation
As an indication of the extent of oxidative stress, we measured 8-IsoP in both BALF and plasma (Fig. 8) . In Hydroxyproline levels indicate the local extent of oxidative damage (n ¼ 2 for control, n ¼ 5 for vehicle, n ¼ 5 for KL 4 , n ¼ 9 for irradiation, n ¼ 8 for vehicle þ irradiation, n ¼ 7 for KL 4 þ irradiation). Statistically significant differences in the data are represented graphically (*P , 0.05 as dashed horizontal lines and **P , 0.01 as solid horizontal lines). Data points falling below the lower limit of detection are indicated by the hat symbol ''^''. change from nonirradiated cohorts in response to radiation. KL 4 treatment resulted in clear reduction of plasma levels of these two pro-inflammatory cytokines (FGF-b and IL-2; Fig. 9 ). In both cases, at 18 weeks postirradiation, the two weeks of KL 4 treatment resulted in essentially baseline levels of both cytokines, while untreated control and vehicle-treated irradiated mice both clearly showed increase over baseline. The wide variability in levels is consistent with other reported studies (44) . For IL-2, it is notable that only the irradiated untreated control and vehicle-treated mice had levels outside of normal reference ranges (44) . In fact, despite the variability in the data, reduction in KL 4 vs. untreated control for IL-2 was statistically significant (19 6 3 pg/ml vs. 35 6 5, P ¼ 0.02) and KL 4 treatment returned IL-2 levels to the normal range.
Interestingly, although KL 4 treatment mitigated inflammation, oxidative lung damage and improved oxygenation over the vehicle-treated control, we did not detect a significant survival benefit compared to untreated control, irradiated (P ¼ 0.2358) or vehicle-treated, irradiated (P ¼ 0.2457) mice at the time of sacrifice at 18 weeks postirradiation.
DISCUSSION
Exposure to dangerous levels of ionizing radiation, although a relatively small risk in everyday life, continues to be a persistent source of major concern in public health and biodefense. This is largely based on the relatively recent FIG. 8. Oxidative stress in lung tissues and systemic circulation 18 weeks after 13.5 Gy thoracic irradiation. 8-iso-prostaglandin F2a (8-IsoP) concentrations determined in BALF (n ¼ 5 mice per group) (panel A) and plasma (n ¼ 5 mice per group) (panel B) at 18 weeks postirradiation are a surrogate biomarker for proximal and systemic oxidative stress levels. Statistically significant differences in the data are represented graphically (**P , 0.01 as solid horizontal lines).
FIG. 9.
Plasma cytokine levels in mice 18 weeks after 13.5 Gy thoracic irradiation. Plasma levels of basic fibroblast growth factor (FGF-b, panel A) and interleukin-2 (IL-2, panel B) at 18 weeks postirradiation (n ¼ 5 for control, n ¼ 5 for vehicle, n ¼ 5 for KL 4 , n ¼ 6 for irradiation, n ¼ 7 for vehicle þ irradiation, n ¼ 6 for KL 4 þ irradiation) are surrogate biomarkers that represent systemic proinflammatory status. Statistically significant differences in the data are represented graphically (*P , 0.05 as dashed horizontal lines). Data points falling below the lower limit of detection are indicated by the hat symbol ''^''. (n ¼ 2 for IR (13.5 Gy), n ¼ 1 for vehicle þ irradiation, n ¼ 3 for KL 4 þ irradiation for FGF-b and n ¼ 4 for irradiation, n ¼ 2 for vehicle þ irradiation, n ¼ 3 for KL 4 þ irradiation for IL-2).
Fukushima incident, as well as general global unrest amid ''dirty bomb'' terror threats. Early effects of radiation exposure typically result in acute lung injury with resultant decrease in pulmonary function, which can resolve over time if individuals survive. Chronic lung damage, characterized by pulmonary fibrosis, can contribute to poor survival (4) . In this study, we evaluated the therapeutic benefit of a surfactant, KL 4 , introduced into the lungs after targeted irradiation to assess the effect of this treatment in mitigating the severity of both early and chronic lung tissue damage. Mice were irradiated with a single 13.5 Gy dose (the LD 50 ) followed by KL 4 treatments twice daily over 2 weeks starting at 24 h postirradiation. The study included matched cohorts that were untreated or treated with saline (the KL 4 delivery vehicle) in both irradiated and nonirradiated mice. Our data show that intranasal delivery of KL 4 (as a means to deliver the drug into the lungs as mice are obligate nasal breathers) early after irradiation preserves oxygenation, reduces local lung and systemic inflammation and reduces oxidative injury to lung tissue. Of note, the current study was limited to only female mice due to their known susceptibility to radiation-induced lung damage compared to male mice (32) . In future studies, KL 4 surfactant will be evaluated in both genders. These data support the potential for KL 4 surfactant to be used as a medical countermeasure for mitigation of damage to lungs after severe radiation exposure.
One obvious goal of effective radiotherapy is to preserve normal arterial blood oxygen levels. Indeed, our pulse oximetry data (Fig. 2) shows that intranasal KL 4 treatments help maintain physiological levels of arterial oxygen saturation at 2 and 4 weeks postirradiation, as well as in the late phase, when lung damage would result in abnormal lung function and decreased oxygen saturation. Preservation of oxygenation potentially would eliminate the need for respiratory support of exposed individuals, allowing patients to survive through the early phase, and for caregivers to focus efforts toward addressing other effects of acute radiation exposure on other organ systems.
We observed a reduction in lung inflammatory response, suggesting reduced tissue damage, although we consistently saw treatment-induced WBC increase in the nonirradiated mice. We hypothesize that the delivery method, intranasal liquid introduction, might represent a mild, but localized, physiologic insult to the lungs, even for the nonirradiated mice; the observed WBC increase suggests a low-level inflammatory response, but PMN levels remain low, suggesting that the response is localized and mild. With the effect of the vehicle in mind, WBC levels in the nonirradiated, vehicle-treated mice should be used to assess any inflammation-reducing benefits of KL 4 . Indeed, the WBC counts are similar for KL 4 -treated mice in the irradiated vs. nonirradiated groups. By contrast, all irradiated mice showed an expected increase in early-phase PMN counts, indicating radiation-induced tissue damage. KL 4 treatment reduces PMN count by approximately 50%, suggesting that it was able to mitigate the extent of radiation damage and accordingly, decrease the localized inflammatory response. Vehicle treatment alone may introduce a partial reduction in PMN, suggesting the possibility that the introduction of saline into the lung might have improved mucus clearance of inflammatory mediators and WBCs, but this benefit is only partial (in both WBC and PMN levels) compared to the more significant benefits of the KL 4 surfactant, especially on examination for chronic lung damage.
We believe that completely eliminating the inflammatory response is not an achievable therapeutic goal in a realworld accidental or terrorist exposure scenarios, which would produce unpredictable radiation exposure, and treatment would not be available immediately. Indeed, the natural and immediate inflammatory response will likely proceed until therapy can be introduced (24 h postirradiation in our experiments). Moreover, any therapy (KL 4 or otherwise) must not reduce the body's ability to heal such damage. Elevated PMN levels in all groups early after irradiation suggest that a natural response in tissue is occurring as part of the repair process. During the early phase, KL 4 treatment results in the lowest PMN counts and during the chronic phase, the KL 4 -treated group showed undetectable PMN levels in BALF analysis, confirmed by histopathological evaluation of PMN in alveolar spaces in lung sections. As detected in BALF analysis of WBC in late-phase lungs and confirmed by histopathology (interstitial inflammatory cells), KL4 treatment did not decrease overall WBC. This suggests that treatment may either need to be given over a longer duration (i.e., more than just two weeks) or re-administered repeatedly during a later phase of the evolving injury.
Histopathology data further support the potential benefits of KL 4 in minimizing chronic lung tissue damage. Specifically, fibrosis and pneumonitis were both lowest in the KL 4 -treated mice, an indication that later chronic pulmonary injury could be minimized, if not eliminated (a focus of our ongoing research). Although investigating the mechanism of reduced lung damage by KL 4 treatment is outside of the scope of this current study per se, the interesting observation of reduced fibrosis and pneumonitis, not only in the nonirradiated KL 4 -but also in vehicle-treated groups, suggests that intranasally introduced lavage, even with saline, could improve mucus clearance of cytokines and inflammatory mediators that are likely responsible for development of acute lung injury and subsequent late lung damage, as discussed above.
Levels of local (lung tissue) and systemic biochemical markers of inflammation, oxidative stress and tissue damage further support KL 4 surfactant benefit. Lung tissue markers included assessment of hydroxyproline levels and staining on histopathology, as well as 8-iso-prostaglandin F2a levels in BALF. Systemic markers included plasma levels of 8-IsoP, FGF-b and IL-2. 8-IsoP is a marker of oxidative stress (45) . Hydroxyproline has been used previously as a marker of lung fibrosis. Although known as a pro-inflammatory cytokine, FGF-b has also been associated with normal repair processes in ALI (46) , and IL-2 has been correlated with lung injury and disease (47, 48) . In our study, KL 4 reduced lung hydroxyproline (Fig.  7C) , although not down to the nonirradiated cohort levels, suggesting partial mitigation of lung injury. In this pilot study, we did not evaluate higher doses of drug or continued or later treatment with onset of late fibrosis, which we are currently exploring in ongoing experiments. BALF 8-IsoP (Fig. 8A ) data are counterintuitive, in that levels are only elevated with KL 4 or vehicle, and only in the irradiated mice, which indicates that the delivery of drug (or vehicle) itself is not the cause. This aspect of the data will be evaluated in our future research. Circulating markers of oxidative stress (Figs. 8B and 9 ) unambiguously indicated KL 4 benefits: in all cases, KL 4 treatment reduced radiation-elevated levels down to the level of the nonirradiated cohort. Albeit from a limited set of 3 markers, the data indicate that KL 4 treatment helped to reduce propagation of the severe localized lung damage into wider (and likely more life threatening) systemic responses.
When inflammation is a hallmark of the underling pathophysiology, such as in radiation-induced lung disease, it is essential to employ a fully functional surfactant that is resistant to inactivation or inhibition. Although exogenous surfactants have been studied extensively for prevention and treatment of multifactorial ALI/acute respiratory distress syndrome with limited success (6), currently available exogenous surfactant replacement therapies, which are of animal origin, have only been approved for treating neonatal respiratory distress syndrome. Treatment with KL 4 surfactant, a completely synthetic peptide-based product, avoids the complications observed with animal-derived surfactants, and is thus an ideal candidate MCM for mitigating radiation-induced lung disease. Among KL 4 's benefits are: 1. The KL 4 -peptide (sinapultide) mimics human surfactant protein B, which is essential for alveolar expansion and can serve as a substitute for surfactant protein B if depleted after degradation of the protein or its production with damage of type II pneumocytes (14, 15); 2. It is more resistant to inactivation by plasma proteins and oxidants that would typically be present in the inflamed injured lung (16) (17) (18) (19) 49) ; 3. It modulates key inflammatory processes that accompany lung injury (20, 21, 28) ; 4. It can be effectively aerosolized (50, 51); and 5. Its chemical composition and properties allow for development of a lyophilized formulation, which could produce a product with extended selflife/storage that could also be rapidly reconstituted for ease of use in the field.
In our model of radiation-induced lung damage, the early phase is just 2-3 weeks postirradiation, where we record neutrophilic influx in lungs and reproducible lung edema/ leakiness. Similarly, robust lung fibrosis is observed as early as 16-18 weeks postirradiation (24, 52) , which is likely due to the use of younger mice (6-8 weeks old) instead of slightly older mice (10-12 weeks old) in the thorax irradiations. Importantly, thoracic exposure models provide useful and much needed information on partial exposure scenarios where lung only is exposed or when radionuclides are inhaled. Single organ injuries after irradiation comprise the first step to evaluate a potential mitigator such as the one studied here. More complex scenarios such as combined injuries (radiation plus trauma, hemorrhagic shock, burn injury, sepsis or viral infection) (53, 54) or underlying comorbidities such as diabetes, obesity, cardiopathy or viral infections are also valuable but further complicate the interpretation of data. Total-body irradiation (TBI) models (55) provide much more realistic exposure models for developing MCM agents, although, multiorgan injury models are complex. We believe that such a TBI model would be the next step in the validation of KL 4 surfactant as an effective MCM agent.
CONCLUSION
The goal in developing a therapy to mitigate radiationinduced damage to the lungs caused by direct exposure or inhalation of dispersed ionizing radiation, is to reduce both early and chronic pulmonary complications [e.g., ARS/ delayed effects of acute radiation exposure (DEARE)], ideally doing so in an easily administered form suitable for emergency mass-casualty situations. KL 4 surfactant, in its liquid form, demonstrates both short-term and long-term benefits when provided 24 h after exposure to LD 50 levels of radiation. This indicates that KL 4 has practical utility as a potential therapeutic after irradiation, rather than requiring prophylactic dosing, which would not be feasible or practical in real-world unpredictable exposure scenarios. KL 4 treatment could provide early benefits by reducing respiratory distress caused by surfactant dysfunction and increased capillary permeability, alveolar edema and protein leak into the alveolar space. Preservation of normal lung function could substantially reduce the need for intubation and supplemental oxygenation and the early postirradiation treatment burden.
Most important, a reduction in radiation-induced chronic lung injury was observed in this study using KL 4 surfactant treatment. Previously published literature suggests that the cytokine cascade plays a likely role in both the early phase of radiation lung injury and subsequent DEARE (10, 39, 56) . KL 4 surfactant has been shown to reduce cytokine levels. A plausible hypothesis thus exists as to the mechanism of how KL 4 surfactant may reduce not only ARS, but also DEARE. Research is ongoing to further evaluate KL 4 surfactant as a mitigation agent using an alternate and more practical delivery method, namely aerosol delivery, which could potentially circumvent the need for intratracheal administration of the drug for intrapulmonary delivery.
